Dynamical phase separation during a solid-solid phase transition poses a challenge for understanding the fundamental processes in correlated materials. Critical information underlying a phase transition, such as localized phase competition, is difficult to reveal by measurements that are spatially averaged over many phase separated regions. The ability to simultaneously track the spatial and temporal evolution of such systems is essential to understanding mesoscopic processes during a phase transition. Using state-of-the-art time-resolved hard x-ray diffraction microscopy, we directly visualize the structural phase progression in a VO 2 film upon photoexcitation. Following a homogenous in-plane optical excitation, the phase transformation is initiated at discrete sites and completed by the growth of one lattice structure into the other, instead of a simultaneous isotropic lattice symmetry change. The time-dependent x-ray diffraction spatial maps show that the in-plane phase progression in lasersuperheated VO 2 is via a displacive lattice transformation as a result of relaxation from an excited monoclinic phase into a rutile phase. The speed of the phase front progression is quantitatively measured, and is faster than the process driven by in-plane thermal diffusion but slower than the sound speed in VO 2 . The direct visualization of localized structural changes in the time domain opens a new avenue to study mesoscopic processes in driven systems.
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as the observation of a metal-like monoclinc phase 23 and inhomogenous onset transition time scales 18 stimulates futher microscopic investigation on the phase transition in VO 2 .
On longer time scales, the picture of a uniform transformation across the optically excited region is challenged by the complex interactions among spatially separated phases arising from structural disorder and elastic coupling [25] [26] [27] . Characterizing the phase transformation processes from the initiation to the completion of photoinduced phase transition is essential not only to understand the fundamental physics of mesoscale phenomena, but also to harness IMTs for device applications. Early studies in the time [28] [29] [30] [31] and space 18, [32] [33] [34] [35] [36] [37] domains have shown the dynamical and heterogeneous nature of the phase transition respectively; however, the microscopic processes including spatial progression of the phase transition, the energetics and dynamics of phase boundaries, and the characteristic length scale and speed of the transformation, are not yet known. Quantitative characterization of these mesoscopic processes requires the visualization of the dynamical processes in appropriate time and space domains simultaneously 38 . Using a newly developed laser pumped x-ray diffraction imaging technique with 350 nm spatial resolution and 100 ps temporal resolution 39 , we quantitatively studied the structural phase propagation during the photo-induced phase transition in a VO 2 thin film (Fig. 1a) . Time-resolved mapping of the real-space structural transformation (Fig. 1b) is captured by tracking signatures of the structural phases in the reciprocal space (Fig. 1c) . Following the initial ultrafast photo-induced structural phase transition [19] [20] [21] [22] [23] , the optical excitation creates an unstable high-energy monoclinic (M) state, where the energy supplying the latent heat has already been stored in the system before the transition occurs. This high energy state transitions to the rutile (R) state via a displacive lattice symmetry change, i.e., a cooperative motion of atoms, in a superheated state of VO 2 . The resulting high-temperature R phase propagates from a series of nucleation sites into regions of the M phase (Fig. 1b) . This process is not driven by thermal diffusion since the quantitative measurement of the phase progression speed is faster than that is predicted by thermal diffusion. This experiment represents the first hard x-ray measurement with sub-ns and sub-μ m resolution that directly captures a mesoscopic structural phase transformation in correlated materials.
Results
Steady-state diffraction measurements show distinct diffraction of the 402 Bragg peak in the low-temperature M phase and the 002 Bragg peak in the high-temperature R phase in Fig. 2a . The angular widths of the two Bragg peaks are sufficiently broad so that both x-ray reflections can be simultaneously measured at the appropriately chosen x-ray incident angle, with separated diffraction peaks recorded by an x-ray photon-counting area detector (Fig. 2b) . For the time-resolved experiments reported below, the x-ray incident angle was set to the position corresponding to the peak intensity of the M phase and the low-angle tail of the R phase, as indicated by the vertical dashed line in Fig. 2a .
The time-resolved measurement over a large area using a 50 μ m full-width half maximum (FWHM) x-ray probe beam shows two distinct time scales during the phase transformation (Fig. 2c) . The sub-ns change in diffraction intensity is dominantly driven by the out-of-plane phase progression over tens of nm length scales as heat flows inwards from the excited top layer of the VO 2 film. The change on ns time scales is associated with the in-plane displacive phase progression over μ m length scales.
We first examined the propagation of the phase transformation along the out-of-plane direction. Since the VO 2 film is 200 nm thick, twice the penetration depth of an 800 nm excitation pulse 40 , the optical excitation along the out-of-plane direction is depth-dependent while the x-ray diffraction probes through the whole depth of the film. The penetration depth of the probing x ray is 9 μm at an incident angle of 25.6°, based on the x-ray database from the Center for X-ray optics. At t 1 = 100 ps after optical excitation with a fluence of 14 mJ/cm 2 , the diffraction intensity from M phase decreased as a fraction of the excited region was transformed into R phase, leading to the increase of the diffraction intensity from R phase, as shown in Fig. 2c . The quantitative analysis shows that the subsequent phase front propagation of ~50 nm in 1 ns along the out-of-plane direction was driven by thermal transport as heat diffused into the deeper layers (see Supplemental Materials), illustrated by Fig. 2d . This independent characterization of thermally driven dynamics in the same sample provides an unambiguous reference to compare with the dynamics of the in-plane displacive structure phase progression.
Although the in-plane phase progression occurs simultaneously at sub-ns time scales, its dynamics cannot be resolved in the measurement with the 50 μ m x-ray probe beam. The quantitative analysis of the in-plane phase progression requires x-ray probes with orders of magnitude higher spatial resolution. The existence of ns-timescale dynamics following laterally homogeneous optical excitation suggests that the completion of the phase transformation occurs not within a few ps isotropically but on mesoscopic time (ns) and length (μ m) scales inhomogeneously across the sample.
To study the phase progression along in-plane direction, time-dependent spatial maps of the M and R phase diffraction intensity were collected by raster scanning the sample against a focused x-ray probe beam at various delays (Fig. 3) . The focused x-ray beam may alter the electronic properties of VO 2 41 , but no structural modification of the sample was observed during our measurements. The average diffraction intensities across the entire 10 × 10 μ m 2 maps are shown as the open squares and circles in Fig. 2c , consistent with the measurements where the film was probed using the 50 μ m beam (filled symbols). Since the lattice structure was monoclinic before the optical excitation, at t = − 0.5 ns, the x-ray diffraction exhibited a high M-phase diffraction intensity map while the R-phase map showed no diffraction intensity above the noise level.
After optical excitation, the R phase diffraction intensity increases initially at discrete locations, e.g., site A in Fig. 3 . These locations are associated with the initial photo-induced R phase nuclei, which coalesce to form R-phase sites observable with a 350 nm x-ray probe beam. In the context of the overall transformation, the initial photoinduced phase transformation creates nucleation sites for the subsequent growth of R phase. The overall transition requires the slower transformation of the remaining VO 2 thin film. We note that the time-resolved images are obtained by averaging over many pump-probe experimental cycles, which capture the emergence of R phase sites that follow a deterministic transition pathway in each pump-probe cycle.
The propagation speed of the R-M phase front can be quantitatively characterized. A line-cut of the R phase diffraction intensity through site A, shown as the red dashed line in Fig. 3 , is plotted as a function of time in Fig. 4a . The R phase expands laterally following its initial appearance at site A with a velocity of 1100 ± 300 m/s, which is extracted from the slope of the dashed black line in Fig. 4a . The experimental error of the propagation speed reflects the uncertainty in determining the phase boundary, which is defined as the 50% intensity position in Fig. 4a . At this speed, it only takes 45 ps for the phase boundary to progress 50 nm. This time scale is much shorter than 1 ns needed for the thermal diffusion-driven phase progression, as independently measured along the out-of-plane direction in the same sample. Similar analysis at other sites yields velocities ranging from several hundred to 1100 m/s, lower than the sound velocity of 4 km/s in VO 2 42 , as indicated by the solid black line in Fig. 4a . The slower phase progression than sound wave propagation may be a result of grain boundaries and local strain states that impede phase progression [35] [36] [37] 43 . The spatial progression of phases is further supported by the location-dependent dynamics of the photo-induced phase transition. We plotted the diffraction intensities as a function of delay for three regions of interests: A, B, and C in Fig. 4b . The evolution of the R phase at these sites are different after the optical excitation. For example, the phase transformation at site B required a longer time (2.5 ns) to reach the same R phase composition at site A, which transforms on a shorter time scale (0.7 ns). The R phase composition at site C remained lower than site A and B in ~3 ns, the longest delay time probed in these maps. These observations show that the site A served as a nucleation site while the transition at site B and C occurred at later time since the transition of these sites needs to wait for the arrival of the phase transition front.
Discussion
The visualization of an inhomogeneous solid-solid phase transformation provides insight into the multi-stage processes for completing the phase transformation. The first stage is the initial symmetry change at nucleation sites on the unit-cell level on fs time scales following optical excitation as reported previously [19] [20] [21] [22] [23] . These nucleation sites are possibly related to local strain states [35] [36] [37] in favor of the stabilization of the high-temperature phase, and variations in grain size because smaller single crystalline particles require less activation energy for the phase transition 31 . The second stage, following the initial fs phase transition, is a process in which the lattice is superheated above the transition temperature within a few ps, as a result of electron-phonon coupling during which the absorbed radiation energy in electronic degree of freedom is transferred to the lattice. At this stage, except at the nucleation sites, the film enters a transient state with sufficiently high energy for the structural phase transition as a result of optical absorption, but a lattice symmetry change has not yet occurred. The third stage is a domino-like lattice transformation propagating from the nucleation sites into the excited but not yet transformed VO 2 film. This process is a displacive lattice transformation 44 , in which the lattice symmetry change is a result of straightening V-V atom pairs without diffusive heat transport, similar to the crystallization or melting which starts from shear strain in supercooled or superheated solids [45] [46] [47] . The displacive lattice transformation is supported by the fast phase progression speed that exceeds the thermal diffusion limit.
We note that the homogenous ultrafast excitation results in little variation of temperature in the probed region. Therefore, the in-plane phase progression in ultrafast superheated VO 2 does not rely on thermal transport in which temperature gradients and thermal diffusion effects drive the phase progression. Instead, the transformation is a result of stabilizing the lattice by lowering the superheated lattice energy. The excessive energy absorbed during optical excitation is consumed as the latent heat needed for the first-order phase transition. Therefore, the formation of R phase islands does not create temperature gradients since the latent heat has been supplied by optical absorption. The transition from M to R phase is followed by a slow recovery from R to M phase on hundreds of ns time scales as the film cools down via heat transport into the substrate.
The observed R-phase pinning sites are less numerous than the expected defect sites. We observed several pinning sites in the 10 × 10 μ m 2 maps, whereas the density of grain boundaries in the thin films is orders of magnitude larger 37 . The emergence of R phase at site A is a result of growing R-phase domains via coalesce of smaller nucleation sites. Between the observed pinning sites, there could be many smaller domains that cannot be resolved in our measurements. These domains do not coalesce to form larger detectable domains if the absorbed energy is not sufficient to overcome local energy barrier across domain boundaries 35 .
In conclusion, we have directly characterized the structural evolution of a photo-induced phase transformation in VO 2 using time-resolved x-ray diffraction microscopy. The sub-μ m length and sub-ns time resolution allows us to reveal the structural phase progression during the photo-induced phase transition. The inhomogeneous structural phase transformation that develops from nucleation sites can be understood by a displacive lattice motion in the superheated VO 2 , which evolves from the unstable high-energy M phase into a metastable low-energy R phase. Further studies using the same technique on different VO 2 thin films will reveal, for example, the dependence of phase progression speed on the grain size and crystalline orientations. This new aspect of the structural phase transition is important not only for understanding mesoscale phase transformations but also for designing ultrafast optoelectronic devices using VO 2 . For example, faster structural phase transformation as a whole may occur in VO 2 with more nucleation sites, while faster phase front progression that approaches the sound speed may occur in ultrathin VO 2 films that contain fewer grain boundaries. The visualization of phase transformations with time-resolved x-ray imaging technique opens new opportunities to study nanoscale phase transition and separation in correlated materials in the time domain.
Methods
Time-resolved synchrotron hard x-ray diffraction microscopy. The experimental setup at the 7-ID-C beamline of the Advanced Photon Source is shown schematically in Fig. 1a and the technical details are provided in the Supplemental Materials. Laser pulses with 1.55 eV photon energy and 60 fs pulse duration were focused to a 200 μ m (FWHM) spot to excite the VO 2 film. The 1 kHz laser repetition rate allowed full recovery of the excited VO 2 to the ground state between excitation pulses. At an incident fluence of 14 mJ/cm 2 , the excited VO 2 film was superheated to a temperature of T ~ 380 K at 100 ps after excitation, as estimated by the absorbed energy and thermal properties of VO 2 29 . The 10 keV hard x-ray pulses were focused by a Fresnel zone plate to a spot size of 350 nm (FWHM), significantly smaller than the pump beam. The delay between the optical and x-ray pulses was electronically adjusted, with the temporal resolution of 100 ps set by the duration of the x-ray pulses 48 .
Sample preparation. A 200 nm-thick VO 2 film was grown by pulsed-laser-deposition on an Al 2 O 3 (1010) substrate at 700 °C, with a deposition laser fluence of ~1.3 J/cm 2 and repetition rate of 2 Hz.
